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I. INTRODUCTION

This report considers porous surface sensors acting as

directional microphones in subsonilc airflow.

The first part of the report deals with the design of a
Porous Strip Sensor set in an aerofoil. The second part presents
the experimental results of frequency response, directivity,
and flow nolse of a Porous Pipe Sensér and a Porous 3Strip sensor.
For flow noise, these sensors are compared with the Bruel and
Kjaer half-inch condenser microphohe with a nose cone. The flow
noise 1s examined under two conditions of flow: 1in a very quiet
flow where the turbulence is approximately 0.3% and in a spolled

flow where the turbulence is approximately 5%.

The sensitivity W(w,k) of a porous surface sensor is defined
as the ratio of the pressure p, on the surface of the microphone

element to the pressure p on the porous surface,

p (w) A _
p(w_,klj - W(w,kl)_ (v

where w is the frequency in radlans per second, ahd k, 1s the
wavenumber component of the pressure field along the axis of the

sensor. The sensitivity could be separated into two factors
W(w,k, ) = H(w) w(k,) (2)

where H(w) depends only on frequency and is called the frequency
response and w(k ) depends only on the wavenumber k, and is

called the directivity function.

For an ideal porous surface sensor' the frequency response

is unity, and the directivity function is
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sin (k,-k.) L/2
.1 (3)

kal) =
(ky-k,) L/2

where ki is the wavenumber of the gas inside the sensor and L is

the length of porous surface.

A real porous surface sensor has a frequency response
which decreases with frequency. The causes of this decrease
are not fully undersftood. The viscous boundary layer at the
inside surfaces of the sensor contributes fto the drop in the
frequency response; the reactive component of the acoustic
impedance of the porous surfacé alsc contributes to the drop

in the frequency response.

The directivity function of the ideal porous surface

sensor, for a plane acoustic wave, where

kl =k, cos 8 (ha)

and for -a sensor having alr in its cavity,

kK, = k (4b)

becomes

sin[ku(l—cose)L/2] A
w(k cosg) = (Ue)
k,(l-cos8)L/2

! D.U. Neiseux and T. Horwath, "Design of a Porous Pipe Microphone
for the Rejection of Axial Flow Neclse", in preparation.
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k, being the acoustic wavenumber in air. Eq. (lc} is used to

plot the directivity pattern in polar coordinate 8.

The directivity function of a real porcous surface sensor
follows the directlivity of the 1deal sensor, for its main lobe;
the minor lobes deteriorate gradually, the deterioration depending
primarily on the non-uniformity of the porosity (or acoustic

impedance) of the porous surface.

The main feature of the porous surface sensor is that its
directivity function W(kl) given by (3) extends well into the
" subsonic region: ]kll > ko; therefore the porous surface sensors
have the property of filtering out those components of the pres-
sure field which are predominantly subsonic, like those associated
with a turbulent flow. The directivity function in the sonic
region could also be useful in discriminating against unwanted

sonic sighals, like those in a reverberant acoustie field,
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II. RESULTS

The results are presented 1n a set of seven Appendiées
which were orlginally written as memos during the course of
this investigation. Appendices No. 1, 3 and 4 deal with the
design of the aerodynamic Porous Strip Sensor; Appendices No.
2, 4 and 5 show the acoustic calibration of a Porous Pipe Sensor
and an aercdynamic Porous Strip Sensor. Appendices No. 6 and 7
give the experimental results of flow noise in wind tunnel tests.

Fach appendix is reviewed in the following paragraphs. .

Appendix No. 1 examines the non-uniformity of the porous
surface for its effect on the directivity function. The main
result is that the directivity function is bounded between the

two limits #vy,

lw(k )| < v : ' (5a)
given by
R 1/2
_ 0 e —
Y = S,n 2 XD/L (Sb)

where 8 is the mean value cf the porosity of the porous surface,
Ro is the spatial correlation of the non-uniformities, and Xu is

the correlation length of the non-uniformities.

This limitation to the directivity function is, of course,
undesirable because it tends to increase the flow noise sensed
by the sensor. Eg. {(5b) is used as a criterion for the tolerances

in the selection of the porous surface.

Appendix No. 2 gives the acoustic calibration of a set of
Porous Pipe Sensors, one of whilich was selected for later

tegts in the wind tunnel.
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Appendix No. 3 considers the reactive component of thé
acoustic impedance of the porous surface and its effect on the
frequency response and direbtivity function of a porous surface
sensor. It shows that the reactive component should cause a
significaht drop in the frequency response. The reactive component

of the porous surfaces has not been measured.

Appendix No. 4 presents‘the desgign of the Aerodynamic Porous

Strip sensor and the measurement of 1t¥s acoustic sensitivity.

Appendix No. 5 shows in considerable detail the directivity
function, for.a plane acoustic wave, of Porous Pipe and of the
Aerodynamic Porous Strip sensors. The results are given in the
famillar format of directivity patterns as a function of the
angles of the directlion of propagation of the plane wave with

respect to the coordinates of the porous sensors. -

The porous surface sensors are shown to follow the ideal
directivity functlcen for the main lobe of directivity, with a
gradual deterioration of fhe mincr lobes which is consistent with

the analysis of Appendix 1.

Appendices No. 6 and 7 give the experimental results of
flow noise sensed by the following three sensors in the BBN
wind tunnel:

- 'Bruel & Kjaer half-inch condenser microphone with nose

cone.

~— Porous Pipe Sensor.

- Porcocus Strip Sensor in an aerofoil,

The wind tunnel has exhaust diameter of 24 inches and a ﬁaximum

flow veloclty of approximately 70 feet per second.
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The firast series of tests, glven in Appendix No. 6, were
made In a very qulet flow, the turbulence level being approxi-
mately 0.3%. All three sensors experience a low flow noise which
increases as the angle ¢ between the axls of sensors and the flow
direction 1s increased. The Porous Strip Sensor is quieter than
the Porous Pipe or the Bruel & Kjaer microphone with a nose cone,
for the same angle ¢. Howevef, the B&K sensor, being essentially
omnidirectional, would always be oriented in the direction of
flow, ¢ = 0. The B&K sensor at ¢ = d, 1s guieter than the'
Porous Strip sensors at ¢ > 30° but not as quiet for ¢ < 30°.

In this condition of quiet flow the Porous Strip Sensor in an
aerofoil would be advantageous only if its directivity is used
fo discriminate agalnst unwanted acoustiec noises, like those of

a reverberant acoustic field.

The second series of tests, given in Appendix No. 7, were
made in a turbulent flow, the turbulence level being approxi-
mately 5%. This turbulence is created by a Flow Spoiler which
maintains a small ratio of acoustic noise to overall pressure
fluctuations. In this turbulent flcw the Porbus Strip Sensor
is guieter than the other two sensors at the same angle ¢. In
addition, the Porous Strip Sensor at all angles 0‘5_¢ < 90° is
qﬁietér than the B&K sensor at ¢ = 0°.
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III. CONCLUSIONS

The results obtalned point to the superiority of the Porous
Strip Sensor in an aerofoil over the Porous Pipe Sensor. This
gsuperiority is clear in the frequency response. For the flow
noilse the superiority is not a complete one. 1In certain regions
of the angle ¢, (¢ > 60°), of the air flow with respect to the
axis of the sensors and 1n a certain frequency region (around
4 kHz) both sensors have essentially the same flow nolse; outside
these reglons the Porous Strip Sensor is superior. However, this
excess flow nolse in the Porous Strip Sensor can probably be
reduced by a medification of the aerofoil.

In a very guliet flow the Porcous Strip Sensor in an aerofoil
at angles ¢ > 30° senses a larger flow noise than the Bruel &
Kjaer microphone with a Nose Cone when the latter one is operated
only at ¢ = 0°, The only advantages of the Porous Strip Sensor
are in i1ts operation at ¢ < 30° and its directivity to acoustic
signals. 1In some applications this directivity may be more
impoftant than the level of flow noise: for example in discriminating
the direct field from the reverberant field in the reverberant

space of a wind tunnel.

-In a turbulent flow the Porous Strip Sensor in an aero-
foil, operated at all angles 0 < ¢-< 90°, has a lower flow noise
than the Bruel & Kjaer milcrophone with a nose cone operated only
at ¢ = 0°, The results of the tests in a spoiled flow are an
example. Again, the Porous Strip sensor has the additional property
of directivity to acoustic signals.
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APPENDIX 1: TOLERANCES OF THE POROUS PIPE MICROPHONE

1. INTRODUCTION

A1l the components of the porous pipée microphone, except the
porosity on the surface, are very well controlled; dimensicns of
the internal cone of the porous pipe, sensitivity of the conden-
ser microphone, The specifie flow resistance of the porous sur-
face enters directly 1n the design equations, and is assumed to
be uniform. In practice this specific flow resistance varies
along the surface and-becomes the main cause of'vafiability of

the response of the porcus pipe microphone,

In thils Memo we examine the effects of the tolerances of the
gpecific flow resistance r(x) on the response of fthe porous pipe
microphone. This 1s done by assuming that the local sensitivity
s{x) of the porous pipe microphone, at a position x along the
axis is exclusively dependent on the local specific flow resis-
tance, This assumpftion is not guite correct, as will be shown
later by examining the deslgn procedure; however, 1t allows rather

simple and useful criteria. Thus, our assumption is

s{x) = r{x) (1)
and the results obtained in terms of s{x) will be transferred to
r{x).

The local sensitivity s(x) has an average component s, and -a

varying component s'(x);



s(x) = s, +8'(x) . (2)
The response w(k,) of the porous pipe microphone, normalized

to unity at its maximum is

| (tLr2 ~1 (K =k, )X
wik,) = E_E'J y s{x) e t dx (3)
| -L/2 '

where L is the length of the porous pipe sensor, ki is the wave-
number of the gas (alr) inside the porous pipe, kl is the projec-
tlon of the acoustic wavenumber vector k, 6 of a plane wave along
the'axis cf the pipe

k= |k

=

cos8 . ' ()

For the ldeal case where the sensitivity s(x) is uniform,
s'(x) = 0 in Eq. 2, we get the ideal response wa(kl), using the
‘subscript 0 to identify this ideal response:

Sin(ki"k1)L/2

(5)
(ke -k JL/2

wo(k,) =
In practice we have the same gas inside and outside the porous
pipe microphone: '

k. =k (6)

and Egq. 5 becomes

sin[k,(1-cos8)L/2]
wy(k, cosd) = k,(I-cos8)L/2 ' (7




Equation 7 1s the directivity pattern of the ldeal porous
plpe microphone in terms of the angle & of the direction of the
incident plane wave with respect to the axis of the porous pipe.

2. MEAN AND VARIANCE

The ensemble mean and variance of w(kl) will be evaluated 1in

terms of the mean and variance of the local sensitivity s(x),

Let the ensemble mean of w(k ) be <w(k }>, the angular
brackets indicating ensemble average; similarly, let the ensemble
mean square value of [w(k )| be <Jw(k )|%>. The variance y* of

the response 1s
v2 = <|w(k1)[2> - ]<w(k1)>|2 .. ‘ ' (8)

The variance of the response wlll be related to the wvariance of

“the local sensitivity s(x).

From Eg. 3, the ensemble mean is

1 +L/2 —k(ki—kl)x
<w(k )> = =T <J s(x) e : dx>
1 8, L/2
+L/2 ~k (k. ~k_)x
= .é—!‘-ﬂ f <s(x)> e Lo dx . (9)
0 ~L/2

The ensemble mean <s(x)> is s, , defined in Eq. 2. Hence, Eg. 9

becomes the 1ldeal response Wu(kl):

<w, (k,)> = w (k) . - (10)

The ensemble mean square value of the magnitude of the response is



1 J+L/2 Hi(ki—kl)x

<lwlk, )]%> = < s(x) e dx
siL? /-L/2
+L/2 i(ki“k1)x'
X f s¥(x') e dx'>
~L/2
1 +L/2 +L/2 ﬁi(ki-kl)fx-x')
= J dx f <s{x)s*(x')> e dx'
siL? J-L/2 ~L/2 ,
(11)
where * means complex cornjugate. Cﬁanging variables,
X - i' = x"
and modifying the limits of iﬂtegration, we obtaln
| 1 ftL/2 x+L/2 ~1(ky -k Ix"
<Jw(k )|?*> = J dx I <s(x)s¥(x-x")> e dx™"
. sL? J-L/2 x-L/2
(12)

The quantity <s{x)s*(x~-x")> is the correlatien function of
the spatial variation of the local sensitivity. From Eq. 2 we

obtain

<s{x)s*(x-x")> si + <s'{(x)s'¥(x-x")>

= 52 + R'(x,x") - (13)

where R!'(x,x") is the correlation function of the variable part
of s(x). The term SE will contribute exactly the value |<w(kl)>_|2
in Eq. 12. Hence, from Eq. 8 we get

11



dax" . (14)

1 +L/2 x+L/2 -i(ki-kl)x"
2 f Todx j R'(x,x") e

s§L2 ~L/2 x-L/2

Equation 14 1s the main result: the variance v? of the nor-
malized response is related to the spatial correlation R'(x,x")

of the variation of local sensitivity.

In order to evaluate Eq. 1% we will introduce some assumption
about the character of the variability of s'(x). Actual measure-
ments of the variation of specific flow resistance of the porous
surface suggést that the variations are almost random. Hence, we
will assume that the variable part s!'(x) of s(x) follows a random
process, each porous pipe representing a sample of that process.
We will further assume that this process is homogeneous, in the
sense that the correlation functlon R'(x,x") does not depend on
the location x on the porous surface but ohly on the spatial

shift x", therefore
R'(x,x") > R'(x") . | (15)

As a specific random process we choose a process characterized by
a correlation distance X,

-c,X"I/XD

R'(x"™) = R} e : (16)

The correlation distance X, 1s a measure of the spatial scale of
the variation of s(x); Eq. 16 alsc implies that the local sensi-
tivity s(x) i1s real.

An upper limit to y? is readily obtained with the assumption
16, by retaining only the modulus of the integrand in Eq. 14;

12



0

R!  (+L/2 +L/2  «|x"|/x
Lo o

Y s e ax"
. s2n? Jan/2 XeL/2 :
R} +L/2 P x”/xo x+L/2 ﬂx“/xo
< J ax J e dx" + [ e dx"
s2L? J-L/2 x-L/2 0
2R! x X ~L/X '
S0 ey L2 “) . (17)
sz L L .

0

3. DISCUSSION

Equaticn 17 is the main result. R; i1s the variance of the
variable part of s(x); R;/sﬁ is the variance of the variable part
s{x), normalized to the square of the mean value s, of s(x); x,/L
is the scale of varlation of s(x) normalized to the length L of
the porous pipe. Eguation 17 is plbtted in Fig. 1, it shows that
y? increases linearly withrthe‘scale x,/L of the variation of
s'(x). It follows that, in order to maintain a small varlance Y2
of the response of the sensor, we should have 1) a small vari-
ancerRo/si of the local sensitivity of the sensor, and 2) a small
scale‘xD/L of this variance.

-The result 17 is independent of the wavenumber klg hence,
this upper limit of the variance applies everywhere to the re-
sponse w(kl). At large values of w(kl),‘near unity, the main lobe
of the directivity is hardly affected provided y? is relatively
small; at Small values of w(kl) the relative importance of the
variance y? becomes progressively larger untll 1t dominates the
response when |w, (k)| becomes comparable with y. We could empha-
size this result by assuming that the variation of |w (k)| is

i3 \
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normally distributed. Therefore we would write

lw(e )| = Jw, G| + 2y (18)

with 95% confidence. When the ideal response ]wo(k)l becomes very
small, we see from Bq. 18 that |w(k, )| becomes limited to the
standard deviation y. Thus, if we want to realize low values of
|w(k )|, we must achieve a low standard devlation vy, which means
fthat both the standard deviation /ﬁ:}go of the local sensitivity
s(x) and the scale xu/L of the varilaticns in sensitivity must be

kept small,

For example w, (k,), given by'Eq. 7, decreases wilth the arqu
ment (k; - k,), as shown in Fig. 2; at .low values of w,(k,}, Eq.
18 indicates that the possible value of le(k)l may fall anywhere
within the band zero to 2y irrespective of the ideal wvalue wa(k),

provided it is less than 2vy.

A useful approximation of Eq. 17 for low values of XD/L is

Ry A %y
H(._ e 2 (19)
o2 .
0
This result will be used together with the interpretation of
Fig. 2, to set the tolerances on the speclfic flow resistance of

the porous surface.

15
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APPENDIX 2: CALIBRATION OF FOUR POROUS PIPE MICROPHONES

Four porous pipe microphones have been calibrated including
unit #3 which is the sensor used previously by Dave Bies (BBN)
and Istvéan Vér (BBN) in the measurement of wind tunnel noise.

The purpose of these calibrations 1s to select the unit having
the best response and use it later for comparison with the new

poroug surface mlicrophone helng deslgnhed under this contract.

The four sensors were subjected to the followlng measurements

» flow resistance of the open end of the sensor
» acoustic standing wave ratic (SWR)
+ forward {(0°) and backward (180°) frequency response.

The porous pipes sensors have 1/2" OD and a sensitive length

of 12 inches.

1. FLOW RESISTANCE AND SWR

The flow resistance is measured at very small pressure drops,
of the order of 0.5 inch of water, in order te simulate the low
acoustic pressures. The porous surface has a constant flow

resistance up to at least 5 inches of water.

The SWR is measured with a small impedance tube having the
same inside_diameter as the porous pilpe. A small probe microphone
traverses the lmpedances tube.

17 |



The experimental results are combined in the following table.
The ideal value of the specific flow resistance z, at the open
end of the sensors should be 1.0 pc. The actual values vary from
1.15 pc up to 1.4 pe for the older sensor #3. These porous pipes
‘have been gselected for having a flow resistance closest to 1.0 pec.

The SWR,.at low frequencies, should closely relate to Z,"

_ 1 T

SWR = T =T
Zu/pc -1
I":_.._.___...._...'...
zﬂ/pc +1

If we assume that z, is purely real, then
SWR = z,/pc

For example, if z /pc = 1.2, then SWR = 1.2 or 1.6 dB at low fre-
quencies. At higher frequencies the SWR becomes a function of
frequency, depending on the local varlations of the porosity at

the surface.

The SWR increases with frequency, indicating that |zﬂ/pc|
increases with freguency, probably due to a reactive component
.in z ;. However, the accuracy of the measurements of SWR at
higher fregquencies are somewhat susplcious because the probe
microphone is not suffilciently small to make fthe scattering of
probe negligible.

18 &



Sensor #
3*
30
32
65

Fiow Resistance and SHR

Specific Flow
Resistance of
Open End: .
r/pc

1.43
1.17
1.15

1.2

. _
- Qlder BBN unit.

2., RESPONSE

SWR, dB
Frequency, Hz
200 400 300 1600 3200
2.5 dB 0 1.8 2.4 2.5
2.0 dB | 1.2 1.4 1.5 2.5
1.3 4B 0.9 1.0 1.5 2.5
1.2 dB 1.2 1.3 2.0 2.5

The ideal response W(m,kl)‘of & sensor is‘separable into a

frequency dependent factor and a wavenumber dependent factor:

w(kocose)

W(w,kl)

H(w)w(kl)

‘.sinfku(l—cose)L/Ej

ko(l-cose)L/E

The factor H(w) represents the freguency response; the factor

W(k&) represents the directivity functicn; 0 is the angle of

incidence of a plane wave with respect to the axis of the pipe;

k_ 1s the acoustic wavenumber.

0

The frequency response H(w) is measured by setting the angle

of incidence 8 to 0°; the directivity function becomes unity.

directivity function is found by setting 6 to 180°; the sensor

response becones

19
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sin k,L

W(—l{o) = H(UJ) HTE——
S0

The difference, in dB, of the response at 0° and 180° gives the

directivity function in dB.

The ideal directivity function has nulls at the wavenumbers

For these sensors we get the following freguencles of the nulls:

iy
565 Hz
1130

1695

W e B

The maxima of the ideal directivity function and their fre-

quencies are

W(k) max

which cccur at wavenumbers kDL = (2n-=1)w/2; n = 2,3,*++ and the

corresponding frequencies [ = (2n-1) ﬁ% :



f ) ' max n
0 Hz 0 dB main lobe
845 -13 2 ls¢t minor lobe
1410 ~18 3 2nd minor lobe
1980 -21 4 3rd minor lobe

The responses of the four sensors were measured 1n the
anechoic room. Figures la to 1d show the response at 0° and

180° for each sensor.

The responses at 0°, giving the'frequency funetion H(w), |
decrease gradualiy with frequency. The recent sensors, #30, #32,
#65, have a smaller drop at 10 kHz than the older sensor #3, a
difference of 6 dB due to the higher flow resistance of sensor #3
compared with the recent sensors. However, the ﬁain éause of the
decrease in frequency response of the sensors is not yet fully
understood. It is due in part to the shear viscous layer of the
inside surfaces of the sensors and, in‘part, to the increase with
frequency of the specific impedance of the porous surface; this
increase being attributed to a reactive component gradually
dominating the sensitive component. This latter effect may be
corrected by using a material which is thinner and has a lower

porosity.

The directivity function follows approximately fhe maxima
and nulls of the ideal directivity function, at least at low fre-
quencies; the first and second minor lobes are approximately
13 dB and 18 dB down from the main lobe. The next minor lobes
become limited to approximately 20 dB. (The response at 180°
is 1limited by acoustic noise 1n the anechoic¢ room and electrical,

noise in the region of 10 kHz.) This limitation of the minor
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lobes is attributed to the variations of the specific flow resis-
tance along the length of the porous pipes. ~ See Memo No. 1,

Eg. (19): allowing a variation %ﬁ:/so of 10% and a correlation
length,xe/L = 1/4, the -limit to the responses of the minor lobes
becomes 2y, which is approximately ~17 dB. Thus, the levels of
the minor lobes could be as high as -17 dB with respect to the
main lobes, where the ldeal response_should be less than -20 4dB.

3. CONCLUSIONS

1. The directivity functicn w(kl) of the real porous pilpe
‘microphone appears to be limited to approximately -20 dB. This
limitation is not serious for acoustic signals (in the acoustic
wavenumber range -k, to +k0); however, it is more serious for
subsonic wavenumbers (which have values of k, larger than kn).

For example, the turbulent boundary layer on the surface of the
pipe for axial flow has a wavenumber spectrum kl showing a maxi-
mum in the vieinity of w/0.7U_ where U_ is the free flow velocity.
This maximum, occurring at.kD(D.7M)“1, where M 1s the Mach number,
corresponds to large values of k, where the directivity funection
is limited. Hence, the real sensor will not have as good a rejec-
tion of flow noise as the ideal one. 'Nevertheless, the rejection

ol flow rnnoise is substantial.

In order to achieve a better rejection of flow noise, the
specific flow resistance of the porous surface should be more

uniform, as discussed in Memo No. 1.

2. Improving the frequency response function H(w) demands a
sensor with very smooth inner surfaces; also the specific surface
impedance of the porous pipe should have a smaller reactive com-

ponent.
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These improvements are belng considered for the new porous

surface sensor being developed.

3. The sensors #30, #32, #65 are preferred to the older
sensor #3; their frequency response H(w) 1s higher at 10 kHz.
The directivity functlicns w(kl) of sensor #3 has an excessive

peak near 2 kHz.
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APPENDIX 3: EFFECT OF THE REACTIVE COMPONENT OF THE IMPEDANCE
OF THE POROUS SURFACE ON THE RESPONSE OF A POROUS
SURFACE SENSOR

We re-examine the wave equation in a leaky horn?!, introduc-

ing the complex surface impedance of the porous surface.

We show that the reactive component of the surface impedance
of the porous surface accounts for a major portion of the drop in

the freguency response of the sensor,

The first part presents the analysis. In the second part
we apply the results of the analysils to a sintered porous surface.

1. ANALYSIS

The wave equation in a leaky horn should be written in terms
of the specific impedance ZW(X) of the porous surface, allowing
this impedance to be complex. The conditions for anecholc term-

ination in the +x direction is then rewritten as

3S{x)
ox

2-2 . _
S{x) (ki~k )-— ik - lki yw(x)picic(x) =0 (1)
where again the viscous boundary layer inside the porous sensor
is neglected; yw(w) is the specific admittance of the porous

surface

! D.U. Noiseux and T.G., Horwath, "Design of a Porous Pipe Micro-
phone for the Rejection of Axial Flow Noilse.'" In preparation;
to be submitted to JASA.
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v, (x) = [z (x)]"

=g - 1ib_ . (2)

The reactlive part b, will be negatlive when z has a mass reactance

component ;

z, = r, + iwm, , | (3)

rw -~ lwm .
Yy = . (4)

2 ; 2
iy +
i (wm)

The real and imaginary parts of Eq. 1 are equated separately

to zero, giving

S(x) (k;_k2> - b (x)kypye,C(x) = 0 (5a)
K 335;’ + g (x)k,p e Clx) = O (5b)

If the reactive part wm of the specifiec impedance'zw ls zero,

Z. = rw' | (€a)

the first Eg. 5a reduces to

k = ky (6b)
and the second Eg. 5b gives
35(x) _ P1%y -
X = e —rm- C(X) . (60)
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Equations 6 are the basic equations for the design of the porous .
surface sensor for the ideal case where the impedance of the por-

ous surface is purely real.

When bw(x) is nonzero in Eq. 5a, we can approximate 1ts
effect by a perturbation method. We consider the case of an un-
shaded sensor where the ratio C(x)/rw(x) is a constant

C(x)/rw(x) constant , - (7a)

~giving in Eg. 5b,

So(l ~ x/L) (7b)

S(x)

satisfying the boundary conditions S(0} = S, , 8(L) = Q. For a
flat porous strip sensor '

S, = why (8a)
C{x) = w _ : {8b)
r, = piciL/ho_J | (8e}

where h, is the height of the base of the wedge and L 1s 1ts
length. '

The ideal solution (7) and (8) is introduced in Eq. 5a to
yield

s 2 o, witiviY _
kf-ky + S (1-%/L7 0 (9a)
K2 = k2 (1 J—) (9b)
i 1-x/L
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where

mpic;C (10}
8 = :
[ré + (wm)zjs0

is the error in wavenumber caused by the presence of a reactive
component in the specific impedance 2 of the porous surface.

Beyond the cut-off frequency W, s

e T m | (11)
the value of B decreases rapidly with frequency. Hence the ef-
fect of B on the free propagating wavenumber k is significant'
only for freguencies up to W, . We can examine this effect in

more details as follows.

The condition for anechoilc termination (1) is also used, by
" reciprocity, to obtain the sensitivity and directivity of the
sensor, When the reactive component of Z. is zero, that is

m=0

) the sensitivity and directivity is given by the integral

_ sin(k;-k,)L/2

dx

(12a)

L

o

where k1 is the axial component of the wavenumber vector of a

plane incident wave of wavenumber k,:

k, =k, cosb ' (12b)

0 being the-angle of the direction of propagaticn of the plane

waﬁe with the axis of the sensor.
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When the modified wavenumber k of Eq. 9b is introduced in
place of ki in Eq. 12 we get the modified directivity I:

g \4 -
L -ilk.{1 - —2—] - x |x
1=%J e {1( 1‘X/L) 1} dx . (13a)

4]

The presence of a reactive component of z, appears to affect
both the frequency response and the directivity of the sensor;

writing

I = I(w,k,) ' (13b)

we do not see offhand how té separate I into two independent fac-
tors; one representing the frequency response, the other repre-

senting the directivity function.

Equation 13 has not been evaluated in its complete form. A
first approximation is to assume that the term

< 1 (iua)

is much smaller than unity; although B will, in practice, be very
small, the term becomes very large when x/L is near unity, at
the end of the porous sensor.

- With the approximation 1l4a, the internal wavenumber k in
Eq. 9b becomes

= B ' ,
k = ki 1 - ETT:E7ET . (1Hb)

Using Eq._l&b we can now solve I for the special case where 68 = 0
and the gas inside the sensor 1s the same as the outside gas:
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k. =k | (14c)

1 0
kin
L o+ 1
I(w,k,) = %‘j e RUL-X/L) gy (144)

0

If the same case 6 = 0, and k; = k, is applied to the ideal re-
sponse of Eg. 12, this ideal response would be unity. However
the real response (Eg: 14d) becomes a function of frequency be-

cause k.,
1

k, = m/ciA - (15).

i
is a function of freguency. The response (Eq. 14d) may be con-
gidered as the frequency respohse of the sensor, in a rather

loose sense,

The effect of the reactive component in Z is to decrease
the internal wavenumber ki by at least the factor (1 - B), the
decrease becoming larger as x/L goes to unity, that is as we
reach the far end of the porous surface. It follows that perfect
matching of the internal and external wavenum: 2rs 1s not possible;

hence the apparent drop in frequency response.

We now solve Eg. 14: introduce the new variable

1fi?L =y -1 o 16
into Eq. 14;
ixgrye 1 1(k8L/2)y
I(_w,ku) = g i J e - . dy (.17a4)_

1 y
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~ik,BL/2 (L o1t ar
= 1 + ik.BL/2 e f . ———E——-‘ (17b)
. ky BL/2
. ~ik,BL/2
= 1 - 1(kyBL/2) e L [Ci(k BL/2)
+ 1(51(k,BL/2) - n/2] (17¢)
where Ci{u) and Si(u) are the cosine and sine 1integrals,
L
ci(u) = - J 2oz Y oat (18a)
u
L sin t
si{u) - m/2 = - f Slt dat - : (18b)
AU

which are tabulated?.
At small values of (kBL/2) Eg. 1l7c goes to unity.
Combining separately the real and imaginary parts of Eq. 17

we obtain

1 + p{[Si(p)-n/2]cos p.— Ci{p)sin p}

I{w,k,) =
~ ip{[si(p)-n/2]sin p + Ci(p)cos p} (19a)
p = Bk,L/2 . (19b)

At low values of p we can use the approximations

2pbramovitz and Stegun, Handbook of Mathematical Functions,
Dover Publications, Chapter V. ~
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il
o

sin p =

i
=

Cos p =

Si(p)

]
o

n:

Ci(p) E vy + ¢np

and Eg. 19 reduces to

I:

I(w,k,) 1 + p[(p-1/2) - (y+2n p)p]
-~ ip[{(p-m/2)p + (y+&n p)]

1 - m/2 p - i{y+tn p)p ; p << 1 (20)

2

where vy is Euler's constant.

The value of |I| is shown in PFig. 1 as a function of the
parameter p. We should recall that p is a function of freqguency,

3
it

BkiL/E

wmpicic L/2

1l

[r;'+ (wm)2]SO

pyc; C, L/2 [ w/w, ]

Ty So 1+ (w/wc)2

(21)

It increases with frequency up to a maximum at'w/mc = ] 'and de-
ereases afterwards; see the sketeh iIn Fig. 2.

The_cufve of Fig. 1 indicates that the reactive part of the
impedance %y of the porous surface could account for most of the
drop in frequency response (8 = 0}, of the porous sensor. Typilcal

values of B and p will be examined in the next section.
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Finally, the evaluation of I in Egs. 14 is an approximate
one subject to the approximation 1la., In fact, this approxima-
tion over estimates the true value of I. In other words the

true value of I should be lower than the values shown in Fig. 1.

2. . SPECIFIC ACOUSTIC IMPEDANCE OF A POROUS SURFACE

The porous surface is a set of small holes connecting one
face to the other. The holes may also be interconnected within
the porous material; however we will neglect the interconnections.
The cross-section of the holes vary considerably from hole to
hole. We will show that the larger holes dominate the specific
impedance of the surface.

For simplicity we could represent the holes either as cir-
cular or as rectangular, depending on the actual porous surface.
For example, it appears that a porous surface made of sintered
partidles have a ratio of circumference to cross~sectlon which is
cloger to that of a circular hole. Other porous materials made
of compressed fibers may have holes which approach a very narrow
rectangular hole. '

"The acoustic lmpedances Z, of a circular and narrow rectangu-

lar holes®, each of length %, are

3 L.L. Beranek, Acoustics, Chap. V.
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coefficlient of viscbsity for the gas,

where n
a = radius of circular hole,
t = thickness of rectangular hdle,
w = width of rectangular hole.

In a unit area there are N holes. Hence, the specific

acoustic impedance z of the surface becomes

N —_1
z = VAsks
[321 g

where Zn is the acocustic impedance of the ntk hole. 8Since fthe
conductance of a eir¢ular heole incereases as the fourth power of
the radius it is clear that amongst the N holes per unit surface
the large holes will have a dominant role.

The freguency w, is the cut-off frequency at which the re-

active part equals the resistance part of the acoustic¢ impedance.

In order to achieve a high cut-off frequency, the circular holes

must have a very small radius "a'"; the rectangular holes must
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have a very small thickness. If the aspect ratio w/t of the
rectangular holes is large, then rectangular holes could have a
higher. cut-off frequency than the circular holes.

2.1 Sintered Porous Surface

In the following discussion we will assume that the holes of
the porous surface are closer to circular holes than to thin
rectangular holes. Furthermore, we conslder that the holes have
a uniform radius "a', which will mar the highest value in the
distribution of hole radii. With these simplifications and let-

ting
Ta
we have
z, = rw(l + im(mc)

For a real porous surface} the value of 2 is roughly equal
to the thickness of the surface. Examlining the porous surface
of the sintered material used we find that the effective hole
radii varies from below 10 microns to slightly larger than 25
microns. For the purpose of numerical calculations we will
assume‘that the value of "a" 1s 30 microns. The cut-off fre-

quency , for circular holes, 30 micron radius, becomes

a = 30 microns
w, = 0.95 x 10% rad/sec
f, = 15 kliz

ho



This cut-~off frequency is rather low for our applications. I
means that in the region of 10 kHz the frequency response of the
porous sensor will drop significantly. We can verify this con-
clusion by evaluating_the value of the parameter p given in Eq.

21 for the case of a porous strip sensor of width w:

C=w
S0 = h,w
Ty
= L/h
P1°4 /Mo
- PiCy C, L/2 xw/wc.. :
p = ) -
T S 1+ (w/wc)z
I B
211 + (w/w }?2
_ : c
Hence 'at w = w, = 15 kHz, p has a maximum value. of 1/4; from

Fig. 4 the frequency response should have.dropped by more than

3 dB; we recall that the curve of Fig. 1 i1s conservative.

The same factor 1/2 in front of the bracket applies also to

a porocus pipe.

If fhe hole size has been underestimated, the cut-off fre-
gquency would be lower and the drop in frequency response in the
10 kHz would also be larger, primarily because the calculations
leading to'Fig. 1 are too conservative.

We conclude that the reactive part in the specific'acoustic
impedance plays a role in decreasing the value of the response
of the sensor at high frequencies. This role may be a dominant
one.
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APPENDIX 4: DESIGN AND PRELIMINARY RESULTS—OF A PORQUS SURFACE
MICROPHONE IN AN AEROFOIL

The acoustic design of the porous surface microphpne in an
aerofoll 1is sketched in Fig. 1. Two porous surfaces are active,
one on each side of the aerofoll; these two surfaces being fur-
ther separated than the two half surfaces of a porous plpe
should sense flow noise which is less correlated from surface to
surface; hence the net flow noise sensed by the microphone on
the present design could be less than on the porous pipe micro-

phone by at most 3 dB.

The two sensing surfaces in Fig. 1 should have sensitivities
well matched in modulus and phase. Thls means a careful selec-
tion of the porous surfaces. The speciflc flow resistance of |
the pérous surfaces selected is shown in Fig. 2. Each porous
surface is made of two shorter strips. These strips were
selected from a group of approximately 30 strips which were
calibrated acoustically. Most of the strips had variations in
excess of 5 dB. The strips shown in Fig. 2 have nearly the same
average specific flow resistance of +1.5 dB re (50 pici), or
60 PyC; - The standard deviation of the variations of specifie
flow resistance, normalized to the mean is approximately 0.1.
The correlation length is roughly 1.5 in. The results,
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o 1.5
L R

introduced into Eq. 19 of Memo No. 1 gives a standard deviation

vy of the response which is

1
R A X
'Y_, _0 2_0
"L
2
Sﬂ
= 4.6 x 1072 .,

The side lobe levels will be limited to 2y, or 9.2 x 1072 which
is roughly -21 dB with respect to the main lobe.

1. EXPERIMENTAL RESULTS

The sensor sketched iﬁ Fig. 1 and the porous strips measured

in Fig. 2 were assembled and preliminary measurements made.

The specific flow resistance at the microphone should be
piCys we measured 0,95 PiCy -

The freguency reSponse of’ the sensor measured for 0° and
180° orientation of its axis with respect to an acoustic source
is shown in Fig. 3. Comparing the 0° response of this sensor
with a porous pipe'we find that the response as a function of
frequency does not drop faster; in fact, a slight improvement of
a few dB is observed at 10 kHz. The difference between fhe two-
curves of Fig. 3 show that the side lobe levels tend to be
limited to not less than -20 dB.
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These preliminary results already indicate that the acoustic
response of the present sensor is nearly the samé as that of a
porous pipe sensor, ‘The direetivity of the present sensor in
the horizontal plane, when the main chord of the aerofoll 1s also
in the horizontal plahe, should the same as found in a porous
pipe sensor of the same length. When the main chord of the aero-
foil 1s vertical, the horizontal directivity will be somewhat
different than found for a porous pipe because the scattering

creoss-section will be larger.
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APPENDIX 5: FREQUENCY RESPONSE AND DIRECTIVITY OF THE POROUS
STRIP SENSOR IN AN AEROFOIL. DIRECTIVITY OF THE
POROUS PIPE SENSOR

~ The preliminary design of the porous strip sensor reported
in Memo No. 4 has been completed and a final sensor assembled
and tested. The present Memo gilves the final frequency response
of this sensor and 1ts directivity patterns; for comparison the
directivity patterns of a porous pipe sensor are added,

Figure 1 shows the frequency response of the sensor; thils
response is slightly better than the response of the preliminary
design, 1n the fact that 1t has a smaller drop at 10 kHz.,

Flgure 2 gilves the dlrectivity of a 12-in. long porous plpe
at 5 frequencies: 0.5, 1, 2, 5, and 10 kHz, The directivity
follows rather closely the directivity of an 1deél line sensor
of the same length; this 1s 1llustrated 1in Flg. 3 for the fre
quencles 5 and 10 kHz; the left hand side of Fig. 3 gives the
directivity of the porous plpe sensdr; the right hand side gives
the directivity of the ideal line sensqr., The main lobes are
comparable, The mlnor lobes are somewhat different; whlle the
minor lobes of the ideal sensor decrease gradually with inereas-
ing angle of incidence, the minor lobes of the porous pipe seénsor
tend to level off to approximately ~25 dB, Thils effect is attri-
buted to.the irregularities of the porosity of the surface; it

was dilscugsed 1n Memo No, 1,
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Figures 4 and 5 glve the directivity of the porous strip
sensor 1in an aerofoll; in the first set, Fig. 4, the main chord
of the aerofoill 1s perpendicular to the plane of rotation,'that
1s, the plane formed by the main axis of the sensor and a line
directed to the sound scurce. In the second set, Flg. 5, the
main chord of the aerofoil i1s parallel to the plane of rotation,
The directivities of the main lobes are similar for the two
orlentatleons of the main chord; the details of the minor lobes
are somewhat different but thelr level remain quite low over the
full angular range. Thls success of maintaining a2 low level of
the minor lobes for both crientations of the maln chord of the
aerofoll, is attributed o the symmefry of the design: two
porous strips, one on each face of the aerofoll, whilech sum thelr
contributions on the face of the condenser microphone,
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Report No. 2539 Bolt Beranek and Newman Inc.

APPENDIX 6: WIND TUNNEL TESTS IN A QUIET FLOW

1. INTROBUCTION

The three types of microphones have been tested in the
quiet BBN wind tunnel; these microphones are
- Bruel and Kjaer 1/2 inch condeﬁser microphone with
nose cone;
- Porous pipe sensor No. 32, 1/2 inch diameter, 12 inch
long; |

- Porous strip sensor in an aerodynamic shape.

The three microphones were ftested at four angles* of incidence
of the air flow wifth respect to their axes: 0°, 30°, 60° and
90°. The porous strip sensor was found to have a shape which
caused some flow separation and the consequent excess hoise at
angles of incidence greater than 30°; the shape was modified
to reduce the flow separation.

2. WIND TUNNEL

The wind tunnel has a 24 inch diameter nozzle; the air jet
exhausts into a reverberant room. The maximum flow velocity is

74 feet per second.

The centers of the microphones were located on the axis of
the air jet, 18 inch downstream from the face of the nozzle; for
comparison, the microphones were alsc located "outsilde of the flow",

18 inches from the axis of the stream.

%
The angle of incidence 1s the yaw angle at zero angle of attack.

70 |



The'velocity and turbulence profile of the quiet jet at
74 ft/sec, shown in Fig. 1, were measured with a hot wire
anemometer at 18 inches downstream from the face of the nozzle.
The frequency spectrum of the quiet jet is shown in Fig. 3
of Memo No. 7. The turbulence inside the jet is defined as
AU/Uu where U, is the free stream velocity and AU is the rms
value of the velocity fluctuations. The overall turbulence in
the free jet is 0.3% (or 20 log,, AU/U, = -50 a@B).

The microphones were tested at only the maximum flow
velocity of the wind tunnel; even at this velocity some of

the microphone data is limited by electroniec noise.

The microphones, one at a time, are held in the flow by
& pipe stand shown in Fig. 2. The pipe is 3/4 inch diameter;
the microphone cable runs along and behind the pipe and both
are covered by Arno tape fto simulate an aerodynamic shape.
The pipe with the tape creates some wind noise, although this
nolse 1s lower than the nolse created by the pipe alone. This
nolise 1s likely to be negligible for the nose cone and the
‘porous pipe nicrophones, because it is located at some.distance
away from the sensing surfaces; 1t may be significant for the
Porous Strip Sensor because 1ts sensing surface is closer to

the pipe stand.

The base of the Porous Strip Sensor is not quite aerocdynamic
and creates some flow noise; for the purpose of the test the
shape of the base was corrected where needed by a small amount
of plastic clay which minimized the noise.

3. RESULTS

The flow nolse sensed by each of the three sensors has been
measured in third octave bands and normalized to the acoustic
sensitivity of each sensor; the results appear in equivalent
sound pressure levels in dB referred to 0.00¢2 mibrobar.
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The tests are made at a single flow velocity of 7& feet
per second, which is the maxlmum available veloclity; since
some of the sensor data is limited by electronic noise at this
‘maximum flow velocity, 1t would have been useless to make tests

at lower flow velocities.

For each sensor there are five tests: one test is outside
the flow at 18 inches awav from the axis and 18 inches from the
fTace of the nozzie; this test gives the acoustic noise generated
by the tunnel and the jet and the reverberant level in the re-
verberant rcom. The other four tests are in the flow with the
center of the sensing surface on the axis of the flow at 18
inches away from the face of the.nozzle; the axis of the sensor
makes an angle of 0°, 30°, 60° and 90° with respect to the flow.

-a. Bruel and Kjaer 1/2 inch Microphone With Nose Cone

The condenser microphone i1s Type 4133 which, together with
Type UA-0052 Nose Cone, givés an acoustlec response at random
incidence which is almost flat up to 1% kHz. A slight correc-
ftion of 2 dB at 15 kHz could be added; however, in view of the
uncertainty of the incidence the data is presented without any

correction for the frequency respcnse of the microphcne.
The. results are shown in-Fig. 3.
b. Porous Pipe Sensor No. 32

The Porous Pipe Sensor No. 32 was selected amongst the four
pipe senscors calibrated and reported in Memo No. 2. This sensor
is preferred to original sensor No. 3 because the former one has

a smaller drop in freguency response at 10 kHz.

A half inch Bruel and Kjaer microphone type 4134 is in-

serted at the base of the Porcus Pipe Sensor.

The wind noise data is corrected To equivalent sound pres-
sure levels using the frequency response shown in Memo No. 2.

The results of the five ftests are shown in Fig. 4. At
frequencies above 4 kHz, the data is limited by electronic noise.

Th
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The flow nolse 1s very low at angle of incidence ¢=0°.
At ¢=30° the flow noise increases considerably; however the
spectrum is smooth indicating that the pipe causes some flow
separation but that the vortices are not well developed. At
$=60° and 90° definite vortex streets occur and azudible tones
‘are generated. At ¢=90° the first tone is at 400 Hz and its
harmonic at 800 Hz, Which are shown in Fig. 4. The fundamental

tone corresponds to a Strouhal number of

D

UU

= 0.23,

where [ is the frequency 1n Hz and D is the diameter of the

porous pilpe.

Flow separation and the concurrent flow noise ig inherent
to a simple Porous Pipe Sensor at angles of incidence ¢ greater
than a few degrees. At ¢=0° the porous pipe is very quiet.

¢. Porous Strip Sensor (Before Modification)

The Porous Strip Sensor 1s described in Memos No. 4 and 5.
A half-inch Bruel and Kjaer microphone Type 4134 is inserted in
the sensor. The wind noise data is corrected by the freguency
response shown in Memo No. 5, Fig. 1A, to give an equivalent

scund pressure.
The results of the five tests are shown in Fig. 5.

The flow noise is consistenﬁly low for angles of incidence
$=0° and 30°. At ¢=60° and %0° vortex shedding occurs and
audible tones are generated. These tones‘are shown in Fig. 5
with fundamentals at 1250 Hz for ¢=60°, and 1600 Hz for $=90°.
Harmonics of these tones are also present. These tones appear
to be assoclated with the thickness of the boundary layer.

The Porous Strip Sensor (before modification) is slightly
guieter than the Porous Pipe Sensor at ¢=0°; it is much quieter
than the Porous Pipe Sensor at ¢=30°. At ¢=60° and 90° the
Porous Strip Sensor could be made quieter than the Porous Pipe
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by modifying its c¢ross section in order to prevent the flow
separation. This has been done and is repcrted in Part d.

d. Modified Porous Strip Sensor

The results of the preceeding Part 3-c sﬁggest that, 1if
the aerofoll of the Porous Strip Sensor is modified to prevent
flow separation, the flow noise would be reduced for angles of
incidence ¢ of the flow, of 60° to §50°.

A partial correction of the original aerofoll is made by
extending i1fs trailing edge; the leading edge, which undoubtedly
causes some of the flow separation, was left untouched. This |
modification feduces some of the flow noise at ¢i6005 it does
not affect the frequency response as defined in Memo No. 5; it
does not affect the directivity of the sensor when the main
chord is parallel to the plane of rotation;* (see Fig. 5 of
Memo No. 5}); it will modify the directivity of the sensor when
the main chord is perpendicular to the plane of rotation, (see
Fig. 4 of Memo No. 5); however, this last directivity is less
important than the first one.

With this modification, which increases the main chord
from 2.5 inches to 3.75 inches, the results of Fig. 6 are
obtained. These results have been corrected for the frequency

response shown in Memo No. 5, Fig. 1A.

Comparing the results of Figs. 5 ang 6, it is shown that
the foise at ¢=0° and 30° remain very low in both cases. For
$=60° and 90°, the modified sensor has a lower noiée; however
some flow separation and its associated higher noise level is

still apparent.

The modified Porous Strip Sensor is quieter than the Porous

Pipe Sensor at angles of incidence ¢360°, except in the freguency

¥
The plane of rotation is the plane made by the axis of the flow
and the axis of the sensor when it rotated by an angle ¢.
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reglon of 4 kHz. It is believed that a further modificatlon
of the leading edge of the Porous Strip Senscor would eliminate

the excess noise in the region of 4 kHz.

4. CONCLUSION
a. Qutside of the Flow

The very low acoustic noise generated by the wind tunnel
1s measured outside of the flow where the pressure field is
almost the reverberant field of the room. Since the Bruel
and Kjaer microphone with a Nose Cone ig essentially omni-
directional for acoustic fields, it will measure the true
acoustic préssure of the total reverberant field. TIn contrast,
the porous sensors have a significant directivity and therefore
will partially filter out some of the reverberant fields, re-
taining those components which have zero anglé of incidence
with the main axis. Hence, the acoustic pressures measured by
the porous sensors outside of the flow are progressively lower
at higher frequencies than those measured by the single B&K
microphone with a nose cone. This. is shown in the results of
Figs. 3 to 6.

b, In the Flow: ¢ = 0°

When the angle of incidence‘¢=0° Inside the flow the
porous sensors again have'a progresslively lower noise at
higher frequency, than the B&K microphone with a nose cone.
The reason for this difference is again the directivity of
the porous sensors which is maintained even af subsonic
wavenumbers; hence, the flow noise on the surface of the

sensors 1ig Ciltered out to a large degree,
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¢. In the flow: ¢ = 30°

The Porous Strip Sensor 1s the quiefest of the three Sensors,

.especially at high frequencies.
.d. In the Flow: ¢ > 60°

At these large angles of incidence the modified Porous Sen-
Sors are quietef than the Bruel and Kjaer microphone with a nose
cone; howrver it should be noted that the Bruel and Kjaer system
would not be used at large angles of incidence because it is
almost omnidirectional; i1t should always be oriented in the flow
for ¢ = 0°.

The modified PForous Strip Sensor is guieter than the Porous
Pipe Sensor, except in the regilon of U4 kHz. Further modification
of the fralling edge and possibly of the leading edge of the aero-

foils should reduce the flow nolse in this frequency region.
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Report No. 2539 Bolt Beranek and Newman Inc.

APPENDIX 7: WIND TUNNEL TESTS IN A SPOILED FLOW

1. INTRODUCTION

The same tests made with a quiet flow in the BBN wind tunnel
and reported in Memo Noc. 6 are repeated in a turbulent flow at
the same maximum average flow velocity of 74 feet per second.

The additional turbulence is created by a Flow Spoiler which is

described in Section 2.

The purpose of these tests is to show that the porous sen-
sors, which are designed to reject wavenumbers k other than the

sonlc one ka,

ka = w/ca

where w 1s the frequency and Cq is the acoustic wave velocity,
will therefore reject flow noise which, in a glven frequency
region w and in subscnic flow, have a wavenumber spectrum

which is predominantly subsonic: k > ka.

In contrast the Bruel & Kjaer‘microphone with a nose cone
does not have a significant directivity will hardly reject any

flow noise associated with turbulence.

A comparison between the flow nolse sensed by the Bruel &
Kjaer microphone with a Nose Cone and the flow noise sensed by
the porous sensors at ¢=0°, in a turbulent flow will show that
the first sensor is very much noisier than the latter one. In
addition, the Porous Strip Sensor with the modified tréiliﬁg edge
1s quieter than the Porous Pipe sensor for ¢>0°, .



2. FLOW SPOILER

The purpocse of the Flow Spoiler is to increase the turbulent
pressure fluctuations in the flow while keeping the acoustic
components of the pressure fluctuations at a relatively low level;
indeed both components, the subsonic and the sonic components,
will be increased but the ratio of the acoustic pressure to the

total pressure fluctuations is to be kept small,

The Flow Spoiler consists of a rectangular grid of 1/8 inch
diameter steel rods, with 4 inch spacing between rcds, to which
are soldered small triangular surfaces, their plane being inclined
approximately 20° with respect to the flow. One tip of the
equilatersal triangles points towards the flow, while the side
opposite to this tip is perpendicular to the flow*, (see Fig. 1).
The array of small triangles covers the face of the nozzle. The
FPlow Spoiler is clamped on the face of the nozzle.

The Flow Spoiler modifies somewhat the profile of the flow
velocity, as shown in Pig. 2, measured at a distance of 18 inches
from the Flow Spoller: the region on nearly constant flow is
reducedl from a diameter of 18 inches in the free flow (see Fig.
1, Memo No. 6) to a diameter of 16 inches in the spolled flow.
The overall turbulence of the spolled flow across a section
located 18 inches from the face of the nozzle is also shown in
Fig. 2; the turbulence in the spoiled flow is roughly 5% com-
pared with 0.3% in the free flow. The frequency spectra, in
third octave bands of the velocity fluctuations in the free
and 1n the spoiled flow 1s remarkably smooth: see Fig. 3.

The relative amount of acoustic noise in the spoiled flow
‘has not been determined directly; it would require a detailed
measurements of the spatial correlation of the velocity or
pressure fluctuations, and a conversion of the correlation data

(by Yourler transformation) into a wavenumber spectrum.

# This design was suggested by H. Heller of BBN.
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The spatlal filtering cf a porous sensor would eliminate
‘most of the non-acocustlc (subsonlc) pressure fluctuations
while keeping the sonic components which have wavenumbers along
the axis of the porous sensors. Therefore, a comparison of the
.pressure fluctuations measured by a porous sensor and by the B&K
microphone with a Nose Cone would reveal the relative amount of
acoustlc signals, in an approximate way. This is indeed the
converse of the purpose of these tests: either the spoiled flow
1s used to show that the porous sensors have a strong discrimina-
tion against subsonie components, or the porous sensors are
assumed to have this discrimination and are therefore uséd to
measure the acoustic components of the pressure fluctuations in
the flow.

3. RESULTS

Except for the presence of the Flow Spoiler, the conditions
of the microphcne tests reported here are the same as those
stated in Memo No. 6. The Porous Strip Sensor was left in its

modified state and tested in this condition.

The results for the three microphones are shown in Figs.
4, 5 and 6. ]

4. DISCUSSION
a. Outside the Flow

Outside the flow, both the Porocus Pipe and the modified
Porous S5trip Senscors have a lower output than the B&K micro-
phone with a Nose Cone, the difference increasing with frequency.

This is due to the directivity of the Porous Sensors.

The Porous Pipe and the midified Porous Stsz Sensors have
nearly the same output, the Porous Strip Sensor having a slightly
smaller cutput because of its greater directivity.
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b. Flow Noise at ¢=0°

The flow noise measured by all three sensors 1is larger than
the noise measured outside of the flow. The flow noise measured
by the Porous Pipe and by the modified Porous. Strip Sensors are

-equal.

The flow ncise measured by the B&K microphone with Nose Cone
is dramatically higher than the noise measured by the Porous Sen-
sors. The difference of the noise levels is shown in Fig. 7, in

third octave bands. This is the main result of this memo.

The B&K microphone with Nose Cone having a very small sensing
surface remains essentially omnidirectional up to high wavenumbers
hence; 1t will measure as well acoustic and non-acoustic pressure

fluctuations over a very broad range of wavenumbers.

In contrast, the Porous Pipe and the Porous Strip Sensors
are designed to accept sonic wavenumbers and reject subsonic
wavenumbers; in other words the main lobe of the directivity
pattern is centered at acocustic wavenumbers, and the directivity
decreases progressively as the wavenumbers increase in the sub-
sonic region. Hénce, these Forous sensors will filter out a
major part of the turbulent pressure fluctuations present in
the spoiled flow.

The difference in ncise levels measufed by fhe B&K micro-
phene with Nose Cone and the Porous Sensors in a turbulent flow
depend on the turbulence level -and the scale of fturbulence of
the flow. If the turbulence level is low and its scale is large,
the difference is neise levels measured by these two types of
sensors will be small because the directivity of the Porous Sen-
sors 1ls not significant at low wavenumbers. The result of Fig,
7 means that 1n a turbulent flow of the type generated by the
Flow Spoiler, the Porous Sensors will very effectively filter
out the fiow hoise, which the B&K microphone with a Nose Cone
wlll not. '
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Another way to show that the B&K mlcrophone with Nose
Cone tends to measure the total pressure fluctuations 1s to
relate the pressure fluctuations measured by the B&K system
to the veloclty fluctuations AU/Un measured by a hot wire
-anemometer; the frequency spectrum of AU/U, is given in Fig. 3
for the spoilled flow. The total pressure fluctuation Ap 1is
related to AU/U, by

ap = 2 4U/U, (1/2pU%)

The values of Ap calculated from this equation are compared in
Fig. 8 with the pressure spectrum measured bj the B&K system
at ¢=0°. The two curves show a strong correlation. The cor-
relation may have been strongef if the three components of

the velocity vector AU had been measured {(instead of oﬁly the
axial component) and if a more complete model were used to

relate Ap to AU than the model given by the equation above.

Finally, the result of Flg. 7 suggests that the Flow Spoiller
has been successful in increasing the turbulence level of the
flow while keeping the level of acoustic components to a relatively

low value.
¢. Flow Noise at ¢=30°

The B&K microphone with Nose Cone remains very much nolsier

than the Porous Sensors.

The modified Porous Strip Sensor is generally quieter than
the Porous Fipe Sensor, especially at low frequenciles up to
1250 kHz. Both are noisier at ¢=30° than at ¢=0° because the
filtering action of the porous surface decreaées with the angle

of incidence of the flow.

d. Flow Noise at ¢=60°, 90°

The B&K microphone remains much noisier than the Porous

Sensors.



The modified Porous Strip Sensor is signifilcantly quleter
than the Porous Pipe up to 1,000 Hz. Above 2 kHz thelr noise
level are nearly equal because (1) the filtering action of each
sensor decreases rapidly with angle of incidence and (2) both
the Porous Pipe and the modified Porous Strip Senéors create
‘noise of their own in the form of flow separation; moreoter
it appears that the flow noise sensed by either one of the two
Porous Sensors is dominated by the turbulence of the spciled
flow, above 2 kHz. |

5. CONCLUSIONS FROM THE TESTS IN THE SPOILED FLOW

1. 1In a turbulent flow the Porous Sensors can be much
gquieter than the B&X microphone with a Ngse Cone.

2. if, in the present spoiled flow, the B&K microphoﬁe
with Nose Ccne 1s operated only at ¢=0° while the Porous Stripr
Sensor 1s allowed to be rotated from ¢=0° to ¢$=90°, the Porous
Strip Sensor will be everywhere guieter than the B&K microphone
-~ wlth a2 Nose Cone,

3. It is anticipated that a further modification of the
airfolil of the Porous Strip Sensor will reduce the flow noise
sensed at ¢>60°, especially in a quiet air flow.

4. The direectivity of the Porous Sensors is useful not
only for rejecting flow noise but also for measurements in a
reverberant room. In an isotropic reverberant field created
by a sound source in a reverberant room, the distance from the
source where the direct field is greater than the reverberant
field is increased by a factor equal to the Directivity Factor!?

of the Porous Sensor.

i
L.L. Beranek, Acousties, MeGraw Hill Book Co., p. 109.
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